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EYEBURN THRESHOLDS
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John Zinn, Ronald C. Hyer, and Charles A. Forest

ABSTRACT

This report describes a series of calculations that
relate to identification of minimum threshold conditions
for production of retinal burns, such as may occur in the
imaging of intense light sources; e.g., lasers and nuclear
explosions. These calculations consider the combined ef-
fects of optical absorption and thermal conduction in the
retinal tissue for image diameters ranging from 1 to 1000
microns. Threshold energy dose levels are computed, based
on the assumption that a retinal burn is the result of a
temporary temperature excursion of at least 20°C. The re-
sults are compared with laboratory measurements of eyeburn
threshold levels in primates and rabbits. A set of com-
puted "safe" retinal dosage curves is presented, based on
the assumption that temperature excursions of 5°C or less

are not harmful, (5°C being the expected maximum tempera-
ture rise produced in an image of the sun).

I. INTRODUCTION

Our ability to make eyeburn safe-dis-
tance predictions for nuclear tests has been
hampered heretofore by the fact that reli-
able eyeburn threshold dose data were not
available for image sizes below 100 u. The
present report is directed toward resolu-
tion of this problem. A series of calculat-
ed threshold dose levels is presented, based
on a physical model which fits existing lab-
oratory data, and which we propose to use
for extrapolation of the data to smaller
image sizes.

The accepted physical model of an eye-
burn situation is that an image of the in-
tense source is formed on the 10-u thick
pigmented epithelium (P.E.), which has a
known, wavelength-dependent optical ex-
tinction coefficient. A fair fraction of
the incident energy is absorbed in the P.E.
Of the portion which is transmitted, another
fraction is absorbed in the lighter, 100-n

thick choroid behind the P.E. As optical
and infrared energy is absorbed, the tem-
perature tends to rise while some of the
heat is conducted away. If the temperature
excursion is large enough (> 20°C), a burn
results. The mathematical formulation of
this model is described in the Appendix.
Two-dimensional numerical computations
based on the above model, have been reported
previously;l'z’a’4 however, the results were
not put to use in extending the range of the
eyeburn threshold data. We have found it
advisable to repeat and extend the calcula-
tions of Refs. 1, 2, and 3 although we have
shortcircuited most of the computing by an
analytic solution described in the Appendix.
Our calculations are in substantial agree-
ment. There are some relatively minor dif-
ferences that we attribute to finite-mesh

errors in the published numerical computa-
tions.



II. CALCULATIONS AND COMPARISIONS WITH DATA
For these calculations we assume that
the thermal properties of the retinal media
are the same as those of water; i.e., ther-
mal conductivity k = .0015 cal em Ysect
oc™l, gensity 1 g cm 3, and specific heat
logml,
known spectral distribution, and with a fix-
: 0 cal/
cm“sec, is formed on the retina at time

1 cal g A circular image with a

ed radius a and uniform intensity I
zero, and maintained constant for a time At.
We calculate the energy Q = IoAt required
to produce a specified temperature increase
one micron behind the front surface of the
P.E., as a function of the image radius a
and the impulse duration At. These assump-
tions are identical to those of Mainster et
al.,1 and the results are compared in Fig. 1
for the case of a monochromatic 7000 A light
source.

A large body of laboratory measurements
of retinal burn threshold dosages in rabbits
has been collected by the Medical College of
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Virginia,4 the USAF School of Aerospace Med-

icine” and by Technology Incorporated of
San Antonio, Texas.5 More recently, the
experiments have been extended to primates
and the results reported by Miller and

: 3
White.

thresholds have been determined.

Both extramacular and foveal burn

We have performed three separate sets
The first
set is intended to represent, as closely as

of retinal heating calculations.

possible, the experiments conducted with
primates. Some of the input conditions are
plotted in Fig. 2. Figure 2a is the spec-
trum of the light source used in the experi-
Figure 2b
is a plot of the assumed values of spectral

extinction coefficient of the P.E.

ments, a Zeiss photocoagulator.3

and cho-
roid, which were used in the calculations.

These values were derived from the recent

measurements by Geeraets and Berry6 includ-
ing corrections for reflection and scatter-
ing, with the auxiliary assumptions that; 1,
in primates (rhesus monkeys) the extinction
coefficients of P.E. and choroid are equal7
and 2, the P.E.
thick, respectively.

and choroid are 10 and 100 u
Figure 2c is a plot of
the primate anterior ocular media, from
Geeraets et al.s'8

The calculated results for primate pa-
rameters are plotted in Fig. 3, in terms of
the retinal exposure, Q, in calories per
square centimeter incident on the P.E., re-
quired to produce a transient 20°C tempera-
ture rise one micron behind the front sur-
face of the P.E.
of the geometric image diameter for various
values of the exposure duration At. The
spectral distribution of Q is that of the
Zeiss photocoagulator, modified by the ab-

Q is plotted as a function

sorption that occurs in the anterior ocular
media.

The experimental data for primates are
also plotted in Fig. 3, and are found to lie
very close to the corresponding theoretical
From this

fact, we are encouraged to conclude that; 1,

20°C temperature rise curves.

the model represents a reasonably close ap-
proximation to the experimental situation,



and 2, that a momentary 20°C temperature ex-
cursion constitutes a sufficient condition
for expectation of an observable burn.*

The rabbit threshold data and the cor-
responding calculations are plotted in Fig.
4. In this case the agreement is not nearly
as good. The calculated curves, as before,
represent the values of Q necessary to pro-
duce a 20°C temperature rise. For these
calculations we have taken . the extinc-
tion coefficient of the P.E., to be approx-
imately five-times larger than Ay the ex-
tinction coefficient of the choroid.** The
values used for a4 and a, are plotted in
Fig. 5, along with the transmission coef-
The

are based on ophthalmoscopic

ficient of the anterior ocular media.
rabbit data®
observations performed 5 min after the ex-
rather than 5 h,
with the primate data.

as was the case
The points plotted

posure,
in Fig. 4 have been adjusted downward by a
constant factor 0.75 to make them more near-
ly comparable to 5-h data.*** The rabbit
data include image diameters extending down
to 55 yu.
threshold burns smaller than 100 u are very
difficult to detect,
problem may contribute to the exceptional

It is generally agreed that

and this detection

lack of agreement between the 55-u data
points and the experimental curves. Opti-

cal aberrations (chromatic aberration, dif-

*

Other experimental data and calculations,
reported by Clarke et al.,? involved ex-

posure durations of several minutes. It

was found in that case that a 10°C tempera-

ture rise was sufficient to cause a burn.

* %
In rabbits, as in humans, the P.E. is con-
siderably darker than the choroid. Fol-
lowing the suggestion of Dr. W. Geeraets,
we assume that the energies absorbed in
each of the two layers are equal, and that
the thicknesses of the P.E. and choroid
are 10 and 100 p respectively. These as-
sumptions, combined with the data of Ref.
6, lead to the values of aj and o plotted
in Fig. 5. These values a¥e not greatly
different from those used by Mainster et
al.

***Experiments reported by Miller and White3
indicate that threshold Q values cbtained
on the basis of a 5-min burn criterion
are roughly one third higher than those
obtained using a 5-h criterion.

fraction, scattering, etc.) are not included
in the calculations shown in either Figs. 3
or 4.+
Our intent in performing these calcula-
tions is to provide a physically sound meth-
od of extrapolation of the eyeburn threshold
data to image sizes considerably smaller
than 100 p, since threshold values for very
small images are needed for nuclear eyeburn
safety studies. Because of the agreement
between the calculations and the data, as
3 and 4, we believe that the

extrapolations can be made on the basis of

shown in Figs.

the present heat flow model, modified in
the 1- to 100-u image diameter range by the
inclusion of optical aberrations. In ad-
dition to the data and calculations, Fig. 4
contains the smoothed and extrapolated rab-
bit threshold curves taken from Allen et al.

We feel that the extrapolations indicated

9

by these curves are not consistent with a
plausible heat flow model or with any rea-
sonable assumptions about the effects of
optical aberrations.++
III. SAFE RETINAL DOSE LEVELS

In order to estimate safe retinal dose
levels for human beings, we proceed as fol-
lows:

Since a 20°C temperature rise seems to
be sufficient to produce a retinal burn, a
safe dose must certainly be one that does
not produce a 20°C rise. We need also to
allow for individual variations in retinal
pigmentation, which can easily amount to
factor-of-two variations in oy and a,. We

tti

believe, with others, that a safe dosage

In normal vision, the human eye appears to
be capable of focusing the image of a point
source into a spot about 10 u in diameter.
It is, of course, possible for large image
blurring effects to appear in the threshold
experiments if the test animal does not
have its eye focused accurately on the op-
tical source. It seems likely that the ex-
ceptionally large measured values of thresh-
old Q for image diameters of 100 u and be-
low may be due to experimental difficulties
in focusing the source to an accuracy of
better than 50 u. ’

H_I-Iowever, see above footnote (f).

H‘?This opinion was originally expressed to

us by Thomas J. White of Technology Inc.

3
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Fig. 2a. Spectral radignce of photocoagu-

lator source;

2b, Extinction coefficients of primate
P.E. (a;) and choroig (a3), from
Geerae%s and Berry,° with the as-
sumption @) = @3

2c. Transmission of primate anterior
ocular media.

level, Qg, can reasonably be defined as one
that produces a 5°C temperature rise in the
P.E. of a nominal "average" individual.
This is close to the temperature rise that
is experienced in looking at the sun.
Values of the extinction coefficients
Gyr gy and the eye transmission for the
nominal average individual are plotted in

Fig. 6. They are derived from the data of
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Fig. 3. Comparison of experimental foveal

and extramacular threshold_data for
primates (Miller and White”) with
calculations of energy dose requir-
ed to produce a 20°C temperature
rise. Error bars indicate uncer-
tainty in calculated Q associated
with uncertainty in oy and o,

Geeraets and Berry.6

The calculated retinal dosages for pro-
duction of a 5°C temperature rise in the
P.E. of the average (human) individual are
plotted in Fig. 7. The spectrum assumed is
that of a 5000°K blackbody, as transmitted
The sol-
id curves are the results of the calculations

through the anterior ocular media.

with no allowance for optical aberrations.
The dotted curves include an estimated cor-
rection for aberrations.

The effect of aberrations is to redis-
tribute the optical energy over an area larg-
er than that of the geometric image. As an
approximation, we assume that, for a normal
eye and a "white" image, the blurring simply
increases the effective image diameter by
10 p, while the energy distribution remains
Thus, to find the “corrected” val-
ues of Qs' we translate each point on the

uniform.

solid curves for which the diameter, 4, is
greater than 10 u to the left by an amount
Ad = 10 p, and then upward by the ratio

dz/(d-lo)2 One could properly argue about
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(Allen et al.”) with calculations
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a 20°C temperature rise. Error
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the details of this model, but we claim that

it is qualitatively right, and that our cor-

rection factor is accurate for most purposes
to within a factor of three. Some experi-
mental measurements of modulation transfer
functions for the human eye have been

10,11,12,13 but their detailed inter-

made,
pretation is difficult. They nevertheless
support the spirit of our assumption, that
each point in the image is blurred over

about 10 u.
Figure 8 includes three sets of safe-

dosage curves with the blurring correction
included, equivalent to the dotted curves

in Fig. 7, but with three different spectral
distributions of the optical flux. The
three distributions are those of a 5000,
10,000, and 15,000°K blackbody, each modi-
fied by transmission of the anterior ocular
media. The conclusion to be drawn is that
the safe dosage levels are not especially
sensitive to the temperature of the radiat-
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Fig. 5a. Extinction coefficients of P.E.

(a.) and choroid (o,) in rabbit
ey&s, from Geeraets”and Berry,
with the assumption that equal
amounts of enexrgy are absorbed in
each of the two layers;

5b. Transmission of Ehe rabbit anteri-
or ocular media.

ing source, at least over the range 5000 to
15,000°K.

Figure 8 is, in a sense, the end prod-
uct of this report. It includes our recom-
mended values of safe retinal dosage for
geometric image diameters between 1 u and
1 mm, exposure durations between 100 usec*
and 10 sec, and for three blackbody spectral
distributions.

IV. RETINAL BURN HAZARD FROM NUCLEAR EXPLO-
SIONS

The intended application of these thresh-
olds is in eyeburn hazard evaluation for
*For exposure times shorter than 100 usec,

please use Fig. 7. The 1 and 10 usec

curves are omitted from Fig. 8 for artistic
reasons.
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nuclear test exercises. It is of course
true that the retinal exposure from a nu~
clear explosion is not uniform over the im-
age, nor is the dose rate uniform in time.
Some rather subjective judgments need to be
made, therefore, when these thresholds are
used. An example of their possible applica-
tion is described below.

In any nuclear explosion, a fraction
fth of the total yield Y is emitted as
"prompt"” thermal radiation, within a time 7.
Let us suppose that it is possible to define

a single value for an effective source radi-
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Calculated "safe" dosage values,

Qg, for irradiation by a 5000°K
blackbody source. Qg is the value
of Q calculated to produce a 5°C
temperature rise in the P.E. of

the nominal "average" human. The
dotted curves include estimates of
optical blurring effects (see text).

us, be, for this thermal radiation. Sup-

pose an observer is at a distance D from
the explosion, and the effective optical
transmission of the intervening air is Tair'
Suppose further that the observer's pupil
aperture is Ap' and his eye has a focal

eye® Then the

energy absorbed per square centimeter in

length F and transmission T

the geometric image on the observer's ret-~

ina is

fth ¥ AgﬁTair Teye
Q= 2.2 2
4m be F

ignoring optical aberrations. The distance,
D, enters only through its effect on the air
transmigssion Tair' The diameter of the geo-
metric image is

d = 2Rg F/D .
Upon having computed Q and d for a given
8 with d, and

with the given value of the thermal pulse

situation, one may enter Fig.

time T, to find the corresponding safe dose
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Fig. 8. Calculated safe dosage values, Qs,
for 5000, 10,000, and 15,000°K
blackbody sources. Optical blur-
ring effects included.

value QS. The observer should not receive
a retinal burn if Q is found to be smaller
than Qs.
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APPENDIX

The mathematical model for heating and
thermal conduction in the retina is as fol-
lows:

1. Heat is accumulated through the

absorption of light, only within

a volume bounded by the intersec-
tions of (1) a right circular cyl-
inder of radius RO' and (2) a

pair of adjoining parallel slabs,
representing the pigmented epithe-
lium (0 < z < z,), and the choroid
(zy <2 £2,). (The z axis is the
axis of the cylinder).

2. Absorption of light is uniform in
the radial direction within cyl-
inder (0 < r < R ). Along the ax-
ial direction it varies in a man-
ner described by the familiar Beer-
Lambert law.

3. The heated volume is uniform in its
thermal properties (density, spe-

cific heat, and thermal conductivi-
ty}, and is imbedded in an infinite
medium with the same thermal prop-
erties.

Thus formally we have the initial value

problem:
For all t > 0, for all r > 0, and for
-0 < z < @, B =K vze + Q(r,z) such that

t
8(r,z,t=0) = 0 and such that for a unit

flux at the surface of the retina,

[ —ulz
aqe , 1f ze[O,zl] and

r€[0 IR0]

and
~0,Z2, =0, (z-2,)
1 1e 2 1 , if

zelzl,zzl and re[O,RO]

0lxyz) = <aze

and ‘
\0, if z¢[0,2,]) or rgl0,R)],

where 0 < z

1 < %, and 0 < Ro. The general

solution to the problem is



8(r,z,t) =

Zy Ro t

'4“( ‘:37‘2 [ dz’f Q(r’,z’)r’dr’[
mK

0 0 0

rr

Lo Gx)

2 1,2
r~ + (r’)
&P 3 4KT

+ (z-2')2 % dr
T3/2

where I is a modified Bessel function.

This solution is found by using the "method

of sources"14 15,16

or by Fourier transforms.
Since we are interested in the maximum

temperature rise, we evaluate the solution

on the z-axis. Letting eo(z,t) = 8(r=0,2,t)
we have
R 2
t -2 2
4Kt oy KT
6,(z,t) = 1 1l -e (z) e 1
0'%r Fl 91 .

0

2. -2
erg[ 2 + al/i?> - erf [ 32— 4+ al/i? +
2VKT 2VRT

aZZKT
g,(z) e
z2,-2 z,-2
erf + oy YKt ] - erf + u2¢KT dr
2/KT 2/KT
-ayz
where gl(z) = a,e and
-(ay-a,)z -0,Z
gz(z) =a, e 172771 e 2 .

The integral is easily evaluated numerical-
ly.

As one check on the time-dependent nu-
merical integration, we may obtain the solu-
tion to the equilibrium heating problem by
taking the limit as t + o,
8y (z,®) =

22 /
1/2
;-K[ Q(z") 3[R02+ (z=z')?)
0
-lz-z"'| Edz' .

This solution is

The integral was evaluated numerically and

compared with the numerical evaluation of
the time—-dependent solution at t = 1000 sec.
Agreement between the two was within 0.3%.
Figure A-1 shows the temperature rise
along the z-axis at various times, and at
equilibrium, for the case R, = 0.01 cm,
1 = 314, and a, = 45.
is scaled so that at equilibrium the maximum

0
The source intensity

o
temperature rise is 20°cC.

The above solutions correspond to heat-
ing by absorption of monochromatic light,
wavelength A, with absorption cocefficients
al(k) and az(A).
tions by eo(z,t;x).

Let us denote these solu-

In order to calculate the temperature
rise, eo(z,t), that results from the ab-
sorption of light of a given non-monochro-
matic spectral distribution, A(}X), it is
necessary to form a linear combination of
such solutions; thus

= ’ Ty ! ’
8y (z,t) _fA(A )8y(z,t:17) dX
We define A()) as follows:

AN = 3013(AL T())

B(AY) T(A') ax’
400

TEMPERATURE INCREASE ALONG THE z AXIS
{RADIUS OF IMAGE = 100 microns)
T

| L AL L R

T 1 T T T T T

110> sec

K J__,ZJA 1210 sec
1 r— 1 1 3 1
=50 o 10 50 100 150
z (microns)
Fig. A-1l. Time-evolution of axial tempera-
ture profiles for a nominal case
with Ro = .01 cm.



the
T(X)
dia.

cornea per unit wavelength interval and
is the transmission of the ocular me-
A is in units of nanometers.

uate A(Xi) and eo(z,t;ki) for 13 values of

Ai’ i.e., ki = 400, 450, 500, 600, 700, 800,
900, 950, 1000, 1100, 1200, 1250, 1300, nm
and estimate the integral

1300
8yfz,t) = A(x") eo(z,t;x')dx’

400

by the trapezoid rule.

REFERENCES

1. M. A. Mainster et al., J. Opt. Soc. Am.
60, 264 (1970).

2, M. A. Mainster, T. J. White, and R. G.
Allen, J. Opt. Soc. Am. 60, 848 (1970).

3. N. D. Miller and T. J. White, "Evalua-
tion of Eye Hazards from Nuclear Deto-
nations I. Retinal Burns and Flashblind-
ness," USAF School of Aerospace Medici-
ne, Aerospace Medical Division (AFSC)
Brooks Air Force Base, Texas, November
1969.

4. A. M. Clarke, Walter J. Geeraets, and
William T. Ham, Jr., Appl. Optics 8,
1051 (1969).

5. R. G. Allen et al., "Research on Ocular
Effects Produced by Thermal Radiation,"
Technology Inc., July 1967, Appendix B.

C1/oa:146(150)

We eval-

7.
8.

10.

11.

12.

13.

14.

15.

16.

W. J. Geeraets and E. R. Berry, Am. J.

Ophthalmology 66, 15 (1968).
W. J. Geeraets (private communication).

W. J. Geeraets et al., Investigative
Ophthalmology 3, 340 (1962).

R. G. Allen et al., "The Calculation of
Retinal Burn and Flashblindness Safe
Separation Distances," SAM-TR-68-106
Technology Inc., Life Sciences Division,
San Antonio, Texas, p. 15, September
1968.

John Krauskopf, J. Opt.
1046 (1962).

Soc. am. 52,

John Krauskopf, J. Opt. Soc. Am. 54, 715
(1961) .

F. W. Campbell and R. W. Gubisch, J.
Physiol. (London) 186, 558 (1966).

R. W. Gubisch, J. Opt. Soc. Am. 57, 407
(1967) .

Carslaw and Jaeger, 'Conduction of Heat
in Solids," London-Oxford, 1959. Chap.
X.

Ian Sneddon, "Fourier Transforms,' Section
254.

Ian Sneddon, "Solutions of the Diffusion
Equation for a Medium Generating Heat,"
Proceedings, Glasgow Mathematical As-
sociation, V. 1, pp. 21-7, 1952.



